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Fibroblast growth factors (FGFs) are known to induce 
formation of new blood vessels, angiogenesis. We show 
that FGF-induced angiogenesis can be modulated using 
selectively desulfated heparin. Chinese hamster ovary 
cells (CH0677) deficient in heparan sulfate biosynthesis 
were employed to assess the function of heparin/hepa- 
ran sulfate in FGF reeeptor-1 (FGFR-1) signal transduc- 
tion and biological responses. In the presence of FGF-2, 
FGFR-1 kinase and subsequent mitogen-activated pro- 
tein kinase Erk2 activities were augmented in a dose- 
dependent manner, whereas high concentrations of hep- 
arin resulted in decreased activity. The length of the 
heparin oligomer, minimally an 8/10-mer, was critical 
for the ability to enhance FGFR-1 kinase activity. The N- 
and 2-O-sulfate groups of heparin were essential for 
binding to FGF-2, whereas stimulation of FGFR-1 and 
Erk2 kinases by FGF-2 also required the presence of 
6-O-sulfate groups. Sulfation at 2-0- and 6-O-positions 
was moreover a prerequisite for binding of heparin to a 
lysine-rich peptide corresponding to amino acids 160- 
177 in the extracellular domain of FGFR-1. Selectively 
6-O-desulfated heparin, which binds to FGF-2 but fails 
to bind the receptor, decreased FGF-2-induced prolifer- 
ation of CH0677 cells, presumably by displacing intact 
heparin. Furthermore, FGF-2-induced angiogenesis in 
chick embryos was inhibited by 6-O-desulfated heparin. 
Thus, formation of a ternary complex of FGF-2, heparin, 
and FGFR-1 appears critical for the activation of 
FGFR-1 kinase and downstream signal transduction. 
Preventing complex formation by modified heparin 
preparations may allow regulation of FGF-2 functions, 
such as induction of angiogenesis. 



Fibroblast growth factors (FGFs) 1 constitute a family of 
about 20 structurally related polypeptides, which regulate cell 
growth, motility, and differentiation. FGFs exert their effects 
by binding with high affinity to four distinct but highly related 



* This work was supported by grants from Polysackaridforskning AB 
and from the Medical Research Council project no. K98-03X-12552- 
01A (to L. C. W.), in part from project no. K99-03X-13004-01A (to 
M. S.) and K98-03X-2309 (to U. U, and from the Kung Gustav V 
Jubilee fond (to L. L. and L. C. W.). The costs of publication of this 
article were defrayed in part by the payment of page charges. This 
article must therefore be hereby marked "advertisement" in accordance 
with 18 U.S.C. Section 1734 solely to indicate this fact. 

I To whom correspondence should be addressed. Tel.: 46 18 471 43 63; 
Fax: 46 18 471 49 75; E-mail: Lena.Welsh@genpat.uu.se. 

1 The abbreviations used are: FGF, fibroblast growth factor; Erk, 
extracellular signal-regulated kinase; HS, heparan sulfate; CHO, Chi- 
nese hamster ovary; PBS, phospate-buffered saline; MBP, myelin basic 
protein; CAM, chorioallantoic membrane; FGFR, FGF receptor. 



receptor tyrosine kinases (FGF receptor-1, -2, -3, and -4) (1). 
Binding of FGF to FGF receptors leads to receptor dimerization 
and autophosphorylation of the intracellular receptor domain 
(2). FGF receptor autophosphorylation allows binding of signal 
transduction molecules, resulting in activation of signal trans- 
duction pathways and eventually in cellular responses such as 
proliferation, migration, and differentiation. The Ras pathway 
is known to be important in several biological responses to 
FGF. Key components in this pathway are the mitogen-acti- 
vated protein kinases Erkl and Erk2, which are activated and 
translocated to the nucleus where they phosphorylate and 
thereby regulate the activities of certain early gene transcrip- 
tion factors, such as Myc and Fos (1). FGF has also been shown 
to be translocated to the nucleus and induce DNA synthesis 
independently of FGF receptors (3). 

It is well established that FGFs bind to heparan sulfate 
(HS)/heparin, and there are many examples of the biological 
significance of such interactions. Binding of FGF to HS on the 
cell surface and in the extracellular matrix protects FGF from 
degradation (4). The HS-immobilized FGF can be released by 
heparanases and may act e.g. in injury repair processes (5). HS 
is furthermore directly implicated in the biological action of 
FGF. Cells deficient in endogenous HS are not responsive to 
FGF, but the responsiveness can be restored by the addition of 
exogenous heparin (6). HS and heparin are structurally re- 
lated, sulfated glycosaminoglycans composed of alternating 
hexuronic acid and glucosamine units. The biological functions 
of these polysaccharides reflect their binding to proteins, 
through interactions which are largely ionic and involve the 
negatively charged carboxyl and sulfate groups along with the 
basic amino acid residues. Sulfation may occur at the N-, 3-0-, 
and 6-O-positions of glucosamine residues and at the 2-0- 
position of hexuronic acid units (7, 8). The sulfation pattern of 
HS is tissue-specific (9), varying however with the state of 
embryonic development (10) and with the age of adult individ- 
uals (11). The results of attempts to define in molecular terms 
the role of heparin/HS in FGF function are intriguing. A min- 
imal saccharide sequence required for FGF-2 binding consists 
of five monosaccharide units, with iV-sulfate groups, and a 
single iduronic acid 2-O-sulfate residue but no 6-O-sulfate (12- 
14). By contrast, a sequence of about twice this size is needed to 
promote FGF-2-induced DNA synthesis (15, 16), which is in 
accord with proposals that di- or multimerization of FGF-2 
molecules along a polysaccharide chain is a prerequisite for 
receptor dimerization and activation (2, 17, 18). However, anal- 
ysis of the role of saccharide sulfation suggests that not only 
2-0- but also one or more 6-O-sulfate groups are needed for 
FGF-2-induced mitogenic signaling (15, 16), potentially impli- 
cating binding partners distinct from FGF-2. In fact, hepa- 
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ng/ml heparin. B, cells were left untreated or stimulated with 50 ng/ml FGF-1 in the presence of increasing concentrations of heparin. FGFR-1 was 
immunoprecipitated and analyzed for kinase activity by immune complex kinase assay in the presence of [y- 32 P]ATP. The migration position of 
FGFR-1 (140 kDa) is indicated by an arrow to the right. The migration positions of molecular weight markers are indicated on the left. 

rin/HS has been shown to interact not only with FGFs but also 
with their receptors (19-21). 

In the present study, we have aimed to define the effects of 
chain length and specific O-sulfate groups on heparin/HS-de- 
pendent, FGF-2-induced cellular responses at different stages 
along the signaling chain. In particular, selectively 2-0- and 
6-O-desulfated heparin derivatives were applied as inhibitors 
of such reactions, including phosphorylation of FGFR-1 and the 
mitogen-activated protein kinase Erk2. Moreover, the ap- 
proach was extended to include FGF-2-induced angiogenesis in 
the chick chorioallantoic membrane. All of these processes were 
similarly affected by the desulfated heparins; the 6-O-desul- 
fated preparation was inhibitory, whereas the 2-O-sulfated 
preparation was not. 

MATERIALS AND METHODS 
Cell Culture and Transection— The heparan sulfate-deficient Chi- 
nese hamster ovary (CHO) cell line 677 (CH0677) (22) was cultured in 
Ham's F12 medium (Life Technologies, Inc.) supplemented with 7.5% 
gil fetal bovine serum (Life Technologies, Inc.), at 37 °C and 5% C0 2 . 

ft^j Human FGFR-1 cDNA (23) was subcloned into the pAlter vector (Pro- 

mega Corporation) and inserted into the eukaryotic expression vector 
pcDNAl/neo (Invitrogen). CH0677 cells were transfected with the 
FGFR-1 construct using electroporation; selection of transfected clones 
was initiated after 48 h by adding geneticin (G418 sulfate, Life 
Technologies, Inc.). Clones were picked after two weeks and examined 
for receptor expression by metabolic labeling of the cells with 
[ 35 S]methionine. 

Immunoprecipitation and in Vitro Kinase Assays — Confluent cell 
cultures in 25-cm 2 flasks (about 1 X 10 B cells/flask) were serum-starved 
for 12 h in Ham's F12 medium supplemented with 0.2% fetal bovine 
serum. After 7 min of treatment with FGF-2 (Fannltalia Carlo Erba) in 
the absence or presence of various polysaccharides, cells were rinsed 
with ice-cold phosphate-buffered saline (PBS) and lysed in Nonidet P40 
(Nonidet P-40) lysis buffer (1% Nonidet P-40, 20 mM Hepes, pH 7.5, 150 
mM NaCl, 10% glycerol, 1 mM Na 3 V0 4 , 1% Trasylol (Bayer), and 1 mM 
phenylmetylsulfonyl fluoride). Clarified supernatants were incubated 
with FGFR-1 or Erk2 antisera for 1 h at 4 °C, followed by incubation for 
30 min with 40 fil/ml immobilized protein A (EC Diagnostic, Uppsala, 
Sweden). The FGFR-1 antiserum was raised against the 16 C-terminal 
amino acid residues in the human FGFR-1 (23). The Erk2 antiserum 
was raised in rabbits against a synthetic peptide (EETARFQPGYRS) 
and was a kind gift from Dr. Lars Ronnstrand, Ludwig Institute for 
Cancer Research, Uppsala Branch, Sweden. Immobilized immune com- 
plexes' were washed three times with lysis buffer. Immuncomplexes 



were resuspended in 40 u.1 of kinase buffer (20 mM Hepes, pH 7.5, 2 mM 
MnCl 2 , 10 mM MgCl 2 , 0.05% Triton X-100, and 1 mM dithiothreitol). In 
vitro phosphorylation was carried out by the addition of 5 jiCi of 
l/y- 32 P]ATP and incubation for 10 min, at room temperature. The kinase 
reaction was stopped by the addition of 40 ul of sample buffer (8% SDS, 
0.4 M Tris-HCl, pH 8.0, 1 m sucrose, 10 mM EDTA, 0.02% bromphenol 
blue, 25 mM dithiothreitol). Samples were boiled for 5 min and resolved 
by electrophoresis in a 10% SDS-polyacrylamide gel. After fixation in 
10% glutaraldehyde, the gel was treated with 1 M KOH for 45 min at 
55 °C to hydrolyze serine phosphorylation, dried, and exposed using a 
Bioimager FUJI BAS-2500. Intensity calculations were made using 
accompanying software. Rinsed Erk2 immunocomplexes were similarly 
resuspended in 40 fd of kinase buffer (20 mM Hepes, pH 8.0, 2 mM 
MnCl 2 , 10 mM MgCl 2 , 0.05% Triton X-100, and 1 mM dithiothreitol). Ten 
/xg/sample myelin basic protein (MBP, Sigma) was included as an 
exogenous substrate in the kinase reaction. Phosphorylation reactions 
were carried out by the addition of 5 /xCi of [7- 32 P]ATP and incubation 
for 15 min at room temperature. Samples were processed and analyzed 
by SDS-polyacrylamide gel electrophoresis as described above. 

Glycosaminoglycan Preparations — Heparin from pig intestinal mu- 
cosa was purified as described previously (24). Heparan sulfate from 
bovine intestine was a generous gift of Dr. Keiichi Yoshida, Seikagaku 
Corporation, Tokyo, Japan. Chondroitin sulfate A was from Sigma. The 
preparations of N-, 2-0-, and 6-O-desulfated heparins and heparin 
oligosaccharides were as described earlier (25, 26). In the 2-O-desul- 
fated heparin/heparin oligosaccharides, —1% of the iduronic acid resi- 
dues were 2-O-sulfated, whereas >80% of the AT-sulfoglucosamine res- 
idues were 6-O-sulfated. In the 6-O-desulfated preparations, the degree 
of glucos amin e 6-O-sulfation was <10%, but the treatment also re- 
sulted in the removal of -30% of the 2-O-sulfate groups. The prepara- 
tions were subjected to high resolution gel filtration and were sterile- 
filtered to remove possible contamination. There was no sign of toxicity 
in tissue culture. 

pHJThymidine Incorporation Assay— Parental CH0677 cells were 
grown to 50% confluency in 12-well plates (about 100,000 cells/well). 
Medium was replaced with serum-free medium containing 0.2% bovine 
serum albumin, and the cultures were incubated for 48 h. At this point, 
fresh serum-free medium containing FGF-2 alone or in combination 
with the different heparin preparations, as described in the figure, 
legend were added. PHJThymidine (Amersham Pharmacia Biotech, 0.5 
jiCi/weE) was added 4 h before harvesting. Cells were then treated with 
ice-cold 5% trichloroacetic acid for 20 min, washed three times with 
ice-cold water, and then solubilized with 1 M NaOH, and 3 H radioactiv- 
ity was determined by liquid scintillation counting. 

Peptide Synthesis and Affinity Chromatography— The peptide 
KMEKKLHAVPAAKTVKFK-COOH (K18K) corresponding to amino 
acid residues Lys 160 to Lys 177 in the human FGFR-1 (according to Swiss 
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Fig. 2. Effect of heparin on FGF-2-induction of FGFR-1 and Erk2 kinase activities in FGFR-1 overexpressing CH0677 and 
parental cells. A, CH0677 cells overexpressing FGFR-1 were stimulated with increasing concentrations of FGF-2 with or without 100 ng/ml 
heparin. Lysates were assayed for kinase activity of immunoprecipitated FGFR-1 {upper panel) and Erk2 (lower panel), in the latter case using 
MBP as an exogenous substrate. The migration positions of FGFR-1 and MBP are indicated, as well as migration positions of molecular weight 
markers. B, parental CH0677 cells were stimulated and assayed as in A. C and D, quantification of FGFR-1 and Erk2 activation in response to 
FGF-2 and heparin in the two cell types. 

Prot accession number pll362), was synthesized using Fmoc (N-(9- 
fluorenyDmethoxycarbonyl) chemistry, as described by Mori et al. (27). 
i 5te*H A cysteine residue was added to the N terminus of the peptide to allow 

coupling to SulfoLmk® coupling gel (Pierce). Coupling was performed 
using 0.4-fimol peptide and 2 ml of SulfoLink® gel. The resulting col- 
umn was equilibrated with PBS containing 3 mM CaCl 2 . Samples of 
3 H-labeled native, 2-O-desulfated or 6-O-desulfated 18-mer oligosac- 
charides were applied in 0.5 ml of the same buffer. The bound saccha- 
rides were eluted using a linear gradient of NaCl (0-1.2 m) in 15 mM 
Tris-HCl, pH 7.4, 3 mM Ca 2+ . Fractions (1 ml) were collected and 
analyzed for radioactivity and ionic strength by liquid scintillation 
counting and conductometry, respectively. 

The FGF-2 affinity column was prepared by mixing 1 mg of recom- 
binant FGF-2 with a 2-fold molar excess of heparin, followed by immo- 
bilization of FGF to 1.5 ml of activated CH-Sepharose 4B (Amersham 
Pharmacia Biotech). To prevent binding of heparin to the column, the 
heparin preparation had previously been treated with HN0 2 at pH 3.9, 
thereby eliminating N-unsubstituted GlcN units, with concomitant 
chain cleavage, followed by recovery of high molecular weight species by 
gel filtration. The FGF-2-Sepharose was transferred to a column and 
washed extensively with 2 M NaCl and then equilibrated in 50 mM 
Tris-HCl, pH 7.4. Radiolabeled saccharides were eluted using a linear 
gradient of NaCl (0-2 m) in 50 mM Tris-HCl, pH 7.4. Fractions (1 ml) 
were collected and analyzed for radioactivity and ionic strength by 



the chorioallantoic membrane (CAM) assay essentially followed a pre- 



procedure (28, 29). Fertilized chick eggs were pur- 
chased locally and preincubated for ten days at 38 °C at 70% humidity. 
The CAM was exposed by a 1-cm 2 window in the shell, and an avascular 
zone was identified for sample application. Whatman filter disks (5 mm 
in diameter) were saturated with 3 mg/ml cortisone acetate (Sigma) and 
soaked in 40 jxl of PBS containing 0.2 /ig of FGF-2 with or without 6-0- 
or 2-O-desulfated heparin. The window was sealed with tape and incu- 
bated for three additional days. The CAM was then cut around the filter 
and examined using a Nikon Eclipse TE 300 light microscope (magni- 
fication 2.5 or 4). Angiogenesis was scored in a double blind procedure 
for each embryo by estimating the number of vessel branch points in the 
membrane on the filter disc. The scores ranged from 1 (low, PBS 
background) to 4 (high). Each substance was analyzed in parallel with 
5 to 7 embryos. Sample variation was less than 15%. P values were 
calculated with ANOVA (analysis of variance). 

RESULTS 

Dose-dependent Amplification ofFGF-2-induced FGFR-1 Ac- 
tivation by Heparin in HS-deficient CHO Cells — Heparin is 
known to be critical for induction of DNA synthesis in response 
to FGF-2 treatment of HS-deficient cell models (6, 12, 15, 16). 
To delineate the mechanisms underlying this effect, we moni- 
tored FGFR-1 kinase activity in the HS-deficient CHO cell line 
677 transfected with FGFR-1 (denoted CH0677FR). Cells were 
treated with increasing concentrations of FGF-2 in 
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or presence of 100 ng/ml heparin (Fig. 1A) or with increasing 
concentrations of heparin in the presence of 50 ng/ml FGF-2 
(Fig. IB). After stimulation, cells were lysed and immunopre- 
cipitated with antibodies specific for FGFR-1. The immunopre- 
cipitated receptor was assayed for kinase activity (auto- 32 P- 
phosphorylation) as described under "Materials and Methods." 
FGF-2 alone induced substantial FGFR-1 kinase activity at a 
concentration of 1 /xg/ml (Fig. 1A). The addition of heparin 
amplified the effect of FGF-2. Quantification (not shown) of the 
FGFR-1 intensities in the autoradiogram in Fig. 1A indicated 
that, at 100 ng/ml, heparin-mediated amplification was maxi- 
mal, three times greater than that of FGF-2 alone, at a con- 
centration of 1 ng/ml FGF-2, and somewhat less at higher 
FGF-2 concentrations. Fig. IB shows that incorporation of 32 P 
in FGF-2-stimulated FGFR-1 increased with increasing con- 
centrations of heparin up to 100 ng/ml; higher concentrations of 
heparin reduced the effect, probably because of dilution of the 
FGF-2 pool. Heparin alone at concentrations between 1 ng/ml 
and 100 /ig/ml had no effect on FGFR-1 kinase activity (data 
not shown). These data show that heparin/HS is required for 
FGF-2 induction of receptor kinase activity. 

Function of Heparin in Signal Transduction Downstream of 
FGFR-1 — The serine kinases Erkl and -2 are known to be 
involved in signal transduction downstream of FGFR-1 and are 
critical for the proliferative response to growth factors (30). We 
analyzed the effects of heparin on FGF-2-induced Erk2 kinase 
activity. Cells were stimulated with various concentrations of 
FGF-2 in the presence or absence of heparin. In CH0677 cells 
overexpressing FGFR-1, receptor kinase activity was induced 
in a dose-dependent manner by FGF-2 and was potentiated by 
heparin, as shown above. Erk kinase activity, estimated by the 
extent of phosphorylation of the exogenous substrate MBP, 
peaked at 10 ng/ml FGF-2 both in the absence and presence of 
heparin (Fig. 2, A and O. At higher concentrations of FGF-2, 
Erk2 kinase activity decreased, especially in the presence of 
heparin. We then employed parental CH0677 cells to further 
examine the effect of heparin on Erk kinase activity. In the 
parental cells, FGFR-1 phosphorylation could not be detected 
by in vitro kinase assays because of the low level of receptor 
expression (Fig. 2B). There are about 1000 FGF receptor mol- 
ecules/cell on the CH0677 cells. 2 Some or all of these FGF 
receptormolecules correspond to FGFR-1, as indicated by po- 
lymerase chain reactions using FGFR-1-specifLc primers (data 
now shown). Stimulation of these endogenous FGF receptors 
with FGF-2 led to induction of Erk2 kinase activity in a dose- 
dependent manner, and inclusion of heparin potentiated the 
effect (Fig. 2, B and D). Thus, activation of a small pool of 
receptors, undetectable in the parental CH0677 cells by in 
vitro kinase assay, appears to elicit signal transduction that is 
amplified by heparin, resulting in detectable activation of 
Erk2. In cells overexpressing FGFR-1, the input signals at high 
doses of FGF-2 together with heparin may lead to a compen- 
satory down-regulation of Erk signal transduction. In the fol- 
lowing experiments, we have monitored the effects of heparin 
on FGFR-1 kinase using the FGFR-l-transfected CH0677 cells 
and effects on Erk2 using the parental CH0677 cells. 

Heparin Fragments Longer than 8110 Monosaccharide Units 
Amplify FGF-2-induced FGFR-1 and Erk2 Kinase Activity— 
The smallest fragment of heparin able to rescue the FGF-2- 
induced increase in DNA synthesis in two different HS-defi- 
cient cell lines has been shown to encompass 10-12 
monosaccharide units (15, 16). Fig. 3 shows CH0677 cells 
overexpressing FGFR-1 stimulated with FGF-2 in the presence 
of heparin fragments of mcreasuig size. Fragments larger than 



2 A. Yayon, personal communication. 




12 14 224 



Oligosaccharide length 



FlG. 3. The heparin chain length influences the efficiency of 
FGFR-1 kinase activation in response to FGF-2. A, CH0677 cells 
overexpressing FGFR-1 were stimulated with 50 ng/ml FGF-2 in the 
absence or presence of 100 ng/ml heparin oligomers of defined length. 
The upper panel shows immunoprecipitation of FGFR-1 followed by in 
vitro kinase assay as described above. The lower panel shows samples 
from parental cells, stimulated with 10 ng/ml FGF-2, and assayed for 
Erk2 kinase activity using MBP as an exogenous substrate. B, Biolm- 
ager quantification of FGFR-1 (circles) and Erk2 (squares) kinase 
activities. 

8/10 monosaccharide units stimulated FGFR-1 markedly bet- 
ter than shorter heparin fragments (see Fig. 3J3 for quantifica- 
tion). A similar pattern was seen when analyzing induction of 
Erk2 kinase activity in parental CH0677 cells (Fig. 3, lower 
panel). Treatment with longer heparin fragments led to a fur- 
ther increase in FGFR-1 kinase activity, whereas Erk2 kinase 
activity remained at the same level with increasing length of 
the heparin chain. 

Sulfation at 2-0- and 6-O-Positions in Heparin Is Required 
for Potentiation of FGFR-1 and Erk2 Kinase Activities— Hepa- 
rin is sulfated mainly at TV- and 6-O-positions of the glucosa- 
mine residues and at the 2-O-position of iduronic acid units (7). 
Binding of heparin to FGF-2 has been shown to require sulfa- 
tion only at the N- and 2-O-positions (13, 14, 31). This binding 
was confirmed using affinity chromatography of selectively 
desulfated heparin preparations on immobilized FGF-2. 2-0- 
Desulfated heparin showed considerably reduced binding to 
FGF-2 (elution at 0.35 m NaCl), whereas 6-O-desulfated hepa- 
rin bound essentially with the same efficiency as intact heparin 
(elution at 1.5 m NaCl, Fig. 4A). The desulfated heparin prep- 
2 further tested for their abilities to support FGF- 
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Fig. 4. Sulfation requirement of HS/heparin for FGFR-1 signal transduction. A, 3 H-labeled oligosaccharides prepared from intact 
heparin; 2-0- and 6-0-desulfated (DS) heparin were analyzed for binding to immobilized FGF-2. Bound material was eluted using a linear NaCl 
gradient. B, induction of FGFR-1 and Erk2 kinase activities in CH0677 cells overexpressing FGFR-1, treated with FGF-2 in the absence and 
presence of different concentrations of unlabeled native, 2-0-desulfated (2-0 DS) or 6-O-desulfated (6-0 DS) heparin. FGFR-1 and Erk2 were 
immunoprecipitated, and the samples were subjected to in vitro kinase assay as described in the legend to Fig. 3. C, affinity chromatography of 
3 H-labeled 18-mer oligosaccharide of intact heparin, 6-0-, and 2-0-desulfated heparin on an immobilized K18K peptide (corresponding to a portion 
of the extracellular domain of FGFR-1). Bound material was eluted using increasing concentrations of NaCl. D, FGFR-1 overexpressing and 
parental CH0677 cells were left untreated, stimulated with FGF-2 alone, or in combination with native heparin, chondroitin sulfate, or HS from 
bovine intestine, as indicated. FGFR-1 and Erk2 kinase activities were assayed as described above. The upper panel shows quantification of the 
32 P incorporation in the FGFR-1 and Erk2 bands (open and filled bars, respectively). GAG, glycosaminoglycan. 



2-induced FGFR-1 and Erk2 kinase activities (Fig. 4B). As seen 
in Fig. 4B, neither the 2-0- nor the 6-0-desulfated heparin 
preparations were able to support FGFR-1 and Erk2 kinase 
activities. These data agree with previous findings that sul- 
fation at both the 2-0- and 6-0-positions is required for 
FGF-2-induced DNA synthesis (15, 16), and hence with 
the notion that the latter sulfate substituent may be implicated 
in receptor binding. An 18-amino acid-residue sequence 
(rOVIEKEQjHAVPAAKTVKFK) has been identified as a poten- 
tial heparin binding region in the FGFR-1 extracellular domain 
(20). This stretch was synthesized and immobilized. The de- 
sulfated heparin preparations were applied on the column and 
eluted using a NaCl gradient (Fig. 4C). Both the 6-0- and the 



2-O-desulfated heparin bound considerably less strongly to the 
peptide than intact heparin. Together, our data support a 
model where 2-0-sulfation of heparin mediates binding to 
FGF-2, whereas both 6-0- and 2-0-sulfation are required for 
binding to the receptor. Thus, formation of a ternary complex 
including FGF-2, heparin, and FGFR-1 appears to be required 
for activation of the FGFR-1 kinase. 

Ability of Heparan and Chondroitin Sulfate to Amplify FGF- 
2-induced FGFR-1 and Erk2 Kinase Activities — Specific sulfa- 
tion patterns deter min e the effects of HS in biological processes 
such as coagulation (32), FGF-2-induced DNA synthesis (15, 
16), and adhesion of proteglycans to extracellular matrix com- 
ponents (33). We examined the effects of bovine intestine- 
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derived HS on FGF-2-stimulated FGFR-1 overexpressing and 
parental CH0677 cells, in comparison with heparin and chon- 
droitin sulfate (Fig. 4D). Heparin was most efficient in support- 
ing induction of FGFR-1 kinase activity (3-fold increase as 
compared with FGF-2 alone). In cells treated with intestinal 
HS, FGFR-1 kinase activity was doubled, whereas chondroitin 
sulfate showed no amplifying effect. 

6-O-Desulfated Heparin Is a Potent Inhibitor of Heparin- 
amplified, FGF-2-induced FGFR-1 and Erk2 Kinase Activities 
and Subsequent Mitogenicity— Because 6-O-desulfated heparin 
binds to FGF-2 but only weakly to the receptor (see Fig. 4, A 
and C), it may block formation of the ternary FGF-2-heparin- 
FGFR-1 complex. Accordingly, addition of a 10-fold excess of 
6-O-desulfated heparin over intact heparin completely abol- 
ished the amplifying effect of heparin on FGF-2-induced 
FGFR-1 and Erk2 kinase activities (Fig. 5A). In contrast, 2-0- 
desulfated heparin, which does not bind to FGF-2, failed to 
compete with intact heparin. Moreover, DNA synthesis in 
CH0677 cells treated with FGF-2 was increased in the pres- 
ence of heparin and this effect was blocked when 6-O-desul- 
fated heparin was included together with FGF-2 and intact 
heparin (Fig. 5B). In contrast, 2-0-desulfated heparin showed 
no inhibitory effect. 

6-O-Desulfated Heparin Inhibits FGF-2-induced Angiogeni- 
sis in the CAM Assay — FGF has been shown to promote endo- 
thelial cell responses in vitro and angiogenisis in vivo (34). We 
tested the potential of 6-O-desulfated heparin to inhibit FGF- 
2-induced angiogenesis in day 10 chicken embryos. Angiogen- 
esis was efficiently induced by FGF-2 alone (Fig. 6). Co-incu- 
bation of FGF-2 and a 10-fold molar excess of 2-O-desulfated 
heparin did not perturb the formation of blood vessels. In 
contrast, a 10-fold molar excess of 6-O-desulfated heparin led to 
a significant reduction (p < 0.01) in vessel diameter of newly 
formed vessels, whereas preformed vessels were unaffected. 
Additionally the 6-O-desulfated heparin affected the continuity 
of the scarce newly formed vessels, which appeared constricted 
at regular intervals (Fig. 6D). 6-O-Desulfated heparin thus acts 
as an angiogenesis inhibitor in the CAM, leading to thin and 
discontinuous vessels, whereas 2-O-desulfated heparin has no 
effect on FGF-2-induced angiogenesis. 

DISCUSSION 

The requirement for heparin/HS in FGF-2-induced DNA syn- 
thesis or cell differentiation has been established using differ- 
ent HS-deficient cell models. It has been shown that FGF-2 
fails to repress differentiation of chlorate-treated MM14 myo- 
blasts (6). There is furthermore no increased PH] thymidine 
incorporation in FGF-2-treated BAF32 cells (16), which are 
devoid of endogenous HS, nor in chlorate-treated NIH3T3 
mouse fibroblasts (6, 15). We have employed the HS-deficient 
CH0677 cell line to analyze in greater detail the sulfate de- 
pendence of FGF-2-induced cellular responses. 

Two strategies have been pursued. First, selectively O-de- 
sulfated heparins have been tested for their ability to promote 
effects of FGF-2 in the HS-deficient cells. Second, the same 
modified heparins have been assessed for their ability to inhibit 
FGF-2 effects that are promoted by fully sulfated heparin and 
by endogenous HS. By these approaches we could demonstrate 
that FGF-2-induced FGFR-1 activation, Erk2 kinase induction, 
and angiogenesis all depend on a saccharide containing both 
2-0- and 6-O-sulfate groups. Because binding of FGF-2 to hep- 
arin/HS requires 2-O-sulfate only (13, 14, 31), it seems reason- 
able to conclude that the 6-O-sulfation is required for another 
interaction. 

This suggestion may be evaluated in relation to various 
current models of heparin/HS-supported FGF-2 action. It has 
been proposed that the role of the saccharide is to present FGF 
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Fig. 5. 6-O-Desulfated heparin is a potent inhibitor of FGFR-1 
and Erk2 kinase activities and DNA synthesis. A, CH0677 cells 
overexpressing FGFR-1 were treated with and without FGF-2 
(50 ng/ml) and heparin (100 ng/ml) in the absence or presence of 
different concentrations of 6-0- (6-0 DS) or 2-0- (2-0 DS) desulfated 
heparin (.upper part). In parallel, parental CH0677 cells were treated 
with FGF-2 (10 ng/ml) and heparin (100 ng/ml) in the presence or 
absence of selectively desulfated heparin (lower part). The kinase ac- 
tivities of immunoprecipitated FGFR-1 (upper part) and Erk2 (lower 
part) were examined by in vitro kinase assays as described above. The 
migration positions of FGFR-1, MBP (exogenous substrate for Erk2) 
and marker proteins are indicated. B, parental CH0677 cells were 
grown in serum-free medium for 48 h followed by incubation for 24 h 
with 10 ng/ml FGF-2 in the presence or absence of 100 ng/ml heparin. 
Indicated cultures also received a 10-fold excess of 2-0- or 6-O- 
desulfated heparin (denoted 2-0 DS and 6-0 DS, respectively). 
[ 3 H]Thymidine at 0.5 /iCi/ml was added 4 h before harvesting. Cells 
treated with 7.5% of serum served as positive control. The results show 
mean ± S.E. of three parallel wells. 

to its tyrosine kinase receptors in a dimeric fashion, thereby 
facilitating dimerization of receptors (2). The high affinity bind- 
ing of FGF-2 to heparin fits with this model. Activation of 
receptor tyrosine kinases is critically dependent on the forma- 
tion of receptor dimers (35), which could be facilitated by 
dimerization of the monomeric FGF. Indeed, dimerization of 
platelet-derived growth factor is dependent on the dimeric con- 
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Fig. 6. 6-O-Desulfated heparin inhibits FGF-2-induced angiogenesis in the chicken CAM assay. The CAM of 10-day-old chick embryos 
was exposed, and filter discs soaked in PBS, in 2 of FGF-2 alone, or in FGF-2 in combination with a 10-fold excess of 2-O-desulfated or 
6-O-desulfated heparin was placed on the CAM. The windows were sealed with tape and incubated for three more days and examined under a 
microscope. 



figuration of the ligand. However, this model does not readily 
explain the requirement for 6-O-sulfate groups in promoting 
FGF-induced effects. Conceivably, this residue could be in- 
volved in the binding of a second FGF-2 molecule, on the 
opposite side of the saccharide backbone relative to an FGF-2 
binding site involving a 2-O-sulfate group only (17). On the 
other hand, a number of observations suggest involvement of 
the receptor in heparin/HS binding, where the saccharide 
bridges the growth factor and the receptor molecules (19, 20, 
36). Kan et al. (20) identified a heparin binding peptide (denot- 
ed K18K) in the extracellular domain of FGFR-1 and showed 
that this peptide is able to block FGF-induced cellular re- 
sponses. Our present results demonstrate that binding of hep- 
arin to this peptide is dependent on 6-0- as well as 2-O-sulfa- 
tkra. of the saccharide. A requirement for 2-O-sulfation for 
FGF-2 binding and 2-0- and 6-O-sulfation for receptor binding 
would be in excellent agreement with the finding that the 
minim al HS oligosaccharide able to rescue FGF-2-induced bi- 
ological responses in HS-deficient cells is a 10/12-mer contain- 
ing both 2-0- and 6-O-sulfate groups (15, 16). A further argu- 
ment in favor of the bridging hypothesis rather than the FGF 
dimerization model, is the finding by Pye and Gallagher (37) 
that a conjugate of an FGF-2 monomer covalently bound to a 
heparin oligosaccharide showed mitogenic activity. Taken to- 
gether, the available evidence would tend to favor the involve- 
ment of a ternary complex involving a HS sequence that binds 
to both FGF and to the receptor. The detailed composition of 
such as complex remains to be determined. Recent crystallo- 
graphic data identify complexes composed of two sets of FGF 
ligand-receptor extracellular domain units. The units are pic- 
tured by molecular modeling to be held together by a polysac- 
charide string that traverses from one FGF molecule through a 
grove between the two receptor molecules, containing the hep- 
arin binding receptor sequence identified by Kan et al. (20), to 
finally reach the second FGF molecule (38). 

Our data furthermore suggest that heparin does not contrib- 
ute solely by increasing the number of active, signaling recep- 
tors but possibly also by increasing the number of phosphoryl- 
ation sites available for the kinase, resulting in a more efficient 
phosphorylation of individual receptors. This argument is 
based on data showing that heparin increases the affinity of 
FGF-2 in binding to FGFR-1, thereby decreasing the dissocia- 
tion constant from 40 to 15 pM (39). One tig of FGF-2 
(47.8 nM)/ml, as added in Fig. 1A, corresponds to a concentra- 
tion 1000-fold above the K d value and should saturate the cell 
surface expressed FGF receptors with or without heparin. 
However, there is still a strong increase in FGFR-1 autophos- 
phorylation when heparin is added in combination with FGF-2 
at 1 ug/ml. Our preliminary data using two-dimensional sepa- 
ration of FGFR-1 tryptic phosphopeptides indicate that hepa- 
rin increases the utilization of certain phosphorylation sites 
more than others, compatible with a change in FGFR-1 confor- 



mation in the presence of heparin. 3 FGF-2 alone to some extent 
stimulated FGFR-1 and Erk2 kinase activities in CH0677 cells 
(Fig. 1A). A similar level of Erk2 activation by FGF-2 alone was 
recorded in CH0745 cells (22), which lack expression of both 
heparan sulfate and chondroitin sulfate (data now shown). 
These data indicate that heparin modulates, but is not strictly 
required for, all FGF-2 effects. 

There is a clear specificity in heparin sulfation required for 
biological activity of FGF (15, 16). The fact that sulfation is 
organ specific (9) suggests that the effect of FGF in vivo does 
not only depend on expression of FGF and FGF receptors, but 
also on the activating HS structures (see Fig. 4D). We show 
that 6-O-desulfated heparin may block FGF-2-induced biolog- 
ical effects by competing with endogenous heparan sulfate and 
efficiently inhi bits angiogenesis in the chicken CAM. Deregu- 
lated angiogenesis is recognized as a complicating factor in a 
wide spectrum of diseases, notably in tumor progression. The 
potential of anti-angiogenic treatment, e.g. for vascularized 
solid tumors, is currently intensely explored. Treatment using 
desulfated heparin would inhibit the FGF-induced effects in 
the disease, and it may also affect other factors such as vascu- 
lar endothelial growth factor, which is a heparin binding 
growth factor acting on endothelial cells (40). Our future efforts 
will be aimed at further exploring the potential of heparin 
derivatives in treatment of FGF- and vascular endothelial 
growth factor-induced angiogenesis. 
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